Introduction
Gene therapy holds great promise for the treatment of cancers and diseases owing to genomic defects. Skeletal muscle possesses several qualities, such as stability, longevity and susceptibility to transfection, which make it an ideal target tissue for gene therapy, particularly for systemic delivery of proteins as therapeutic reagents such as clotting factors for haemophilia. 1 Successful gene therapy requires delivery systems which are safe, easy to apply and give efficient transgene expression. Viral delivery systems, in particular, have been shown to be efficient for gene transduction in muscle. Adeno-associated viral vectors, for example, can transduce muscle with high efficiency. [2] [3] [4] [5] However, therapeutic application would require a number of improvements including efficient and reliable procedures for the manufacture of viral vectors, free of helper virus 6 and reduction in immunogenicity. The high efficiency of random integration of most viral vectors into host genome poses a potential risk of vector-related insertional mutagenesis and interference with expression of cellular genes. 7, 8 Nonviral delivery systems are safe and easy to apply, but suffer from low transduction efficiencies and can also cause local inflammatory reactions and tissue damage which may destroy transduced muscle fibres. 9 New methods have been examined for improving efficiency, using reagents such as cationic lipids and polymers. However, despite their success for gene transfer in vitro, results have been disappointing in muscle in vivo. The most effective nonviral gene delivery system in skeletal muscle so far is electroporation, which can achieve transduction efficiencies similar to those achieved through viral infection delivered by intramuscular injection. 10 However, severe obstacles to clinical application of this method remain, owing to muscle fibre damage induced by the powerful electric fields required to achieve efficient gene delivery.
Recently, microbubbles and ultrasound have been investigated with a view to improving the transfection efficiency of nonviral delivery systems. Ultrasound can create transient nonlethal perforations in cells and other membranes. The main mechanism is thought to be acoustic cavitation. Microbubbles, by acting as cavitation nuclei, are thought to potentiate this effect. Transfection of mammalian cells with plasmid DNA by sonication was reported as early as 1987, 11 and interest in this topic has recently been revived. Manome et al. 12 reported that application of ultrasound of 20 W/cm 2 at a continuous 1 MHz facilitates b-galactosidase expression in tumour cells both in vitro and in vivo. 12 Ultrasound is particularly effective for gene delivery when applied in combination with the use of microbubbles, cationic polymers or lipids. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Anwer et al. 15 reported that application of ultrasound to skin tumours before or after the injection of lipoplexes resulted in a significant increase in gene transfer specifically to the tumour. 15 The magnitude of increased expression ranged from 3-4 to 270-fold. Similarly, ultrasound in the presence of microbubbles enhanced gene expression by up to 300-fold over naked DNA transfection. 13 This approach also improved the efficiency of polyplex transfection by four-fold compared to naked DNA alone.
Since the sonication power needed for achieving enhanced gene expression is within safe therapeutic and imaging limits, 13, 16, 17 this method might be combined with ultrasound imaging of a target tissue. This would give it an advantage over other methods, such as electroporation, for which clinically safe limits have yet to be established. The energy of ultrasound can also be focused on any area where gene transduction is required. This is especially important for gene delivery into deep located tissues and tumours.
Most previous studies have involved in vitro experiments and there has been limited experience of microbubble/ultrasound in the skeletal muscle. In this study, we explore the use of ultrasound together with direct injections of microbubbles and naked plasmid DNA for gene delivery into skeletal muscle. We found that the use of a commercially available albumin-coated octa-fluoropropane gas microbubble, Optison (licensed for patient use in the US, Europe and elsewhere) improves transgene expression significantly. Therapeutic levels (3 W/cm 2 ) of pulsed ultrasound did not improve the transgene expression when applied after the delivery of plasmid DNA in the absence of microbubbles in either young or old mice. However, in older mice, marked improvement was achieved when ultrasound was applied together with Optison, compensating for the age-related drop in efficiency of transgene expression with the microbubbles alone. The increased efficiency obtained with Optison is associated with a significant decrease in muscle damage in both young and old mice. Interestingly, Optison also appeared to protect muscle against damage associated with the application of cationic polymer polyethylenimine (PEI) 25000. The combination of naked plasmid DNA with microbubbles, together with further optimization in the use of ultrasound provides a promising approach for safe and efficient gene delivery.
Results
Optison improves transgene expression in muscles of 4-week-old mice.
We initially examined the efficiency of transgene expression using naked plasmid DNA delivery in combination with the use of the microbubble, Optison, and/or ultrasound radiation in the tibialis anterior (TA) muscle of 4-week-old C57 B10 mice. Treated animals were killed 1 week after the experiments as peak levels of transgene expression in muscle were usually found between 1 and 2 weeks. 18, 19 Muscles were removed and sections were cut at intervals of 100 mm. The number of GFP-positive fibres was counted. The maximum number of GFPpositive fibres, which was always correlated with the length of GFP-positive fibres and the intensity of GFP signals, was used for the comparison of efficiency in transgene expression.
GFP expression was detected only in less than 10 muscle fibres (an average of six fibres per muscle) when plasmid DNA was injected into TA muscles without Optison and ultrasound (Figures 1a and 2 ). Signals in most of the GFP-positive fibres were weak. No significant increase in the number of GFP-positive fibres was observed when ultrasound was applied immediately after the delivery of plasmid DNA into the muscles (an average of eight fibres per muscle). When plasmid DNA was injected together with Optison, however, a significantly higher number of GFP-positive fibres with stronger signals were detected with an average of 68 fibres and a maximum of 102 fibres in each muscle (Figures 1a and 2e) . Application of ultrasound immediately after the injection of plasmid DNA and Optison produced no significant effect on the number of GFP positive fibres, with an average of 60 GFP-positive fibres per section (Figures 1a and 2g) .
The relative amount of GFP in the muscles was also measured by fluorescence spectrophotometry. The muscles injected with plasmid and Optison had levels of GFP of 12-fold or more over plasmid alone or plasmid in combination with ultrasound ( Figure 1c ).
Optison significantly reduces muscle damage
Injection of naked plasmid DNA into muscle is associated with various degrees of muscle damage and inflammatory reaction, depending on factors ranging from the size of needles, the composition of solutions and the nature of plasmids used. 9 Microbubbles and ultrasound have been reported to cause cell damage owing to nonlethal pore formation in membranes or cell death, depending on the power settings and duration of exposure. 20 We hypothesized that the improvement in gene transduction efficiency observed in the presence of Optison, with or without ultrasound, may be linked to the levels of muscle damage and that understanding this relationship would therefore help us to optimize conditions for gene delivery in muscle. The main features of muscle damage 1 week after intramuscular injection of plasmid DNA were the presence of foci of mononuclear infiltrate and regenerating fibres which are most reliably indicated by central nucleation. 9 We therefore analysed these morphological features on sections adjacent to those used for GFP analysis. The maximum crosssectional area of damaged tissue in serial cross-sections was taken as the best estimate of the level of muscle damage as a whole. Plasmid DNA in saline alone caused muscle damage in areas along the needle tracks, with foci of mononuclear infiltrate and centrally nucleated myofibres of varying size (Figure 2b ). The damage was exacerbated when ultrasound was applied as demonstrated by the increase in the area of muscle damage (Figures 1b and 2d) .
Muscle damage was however significantly reduced when Optison was used. The maximum area of damage per section was reduced from an average of 5.42 mm 2 with DNA alone to an average of 0.47 mm 2 when Optison was included (Figures 1b and 2f ). . When 3 W/cm 2 ultrasound was applied in combination with Optison, the average area of maximum muscle damage, 1.73 mm 2 , was significantly greater than that obtained with the microbubbles alone (Figures 1b and 2h) .
The mononuclear infiltrates in the areas of muscle damage consisted mainly of monocytes and macrophages. These areas were much smaller in muscles injected with DNA together with Optison compared to Optison improves gene transduction with reduced muscle damage in the presence of cationic polymer PEI Both the albumin coat of Optison and plasmid DNA bear a net negative charge and therefore, the binding of plasmid DNA to the microbubbles is likely to be weak and transient. Cationic polymers, such as PEI, have strong capacity to bind to negatively charged DNA and proteins. PEI has been proved to be highly efficient for plasmid DNA delivery in many cell types including myoblasts in vitro. 21, 22 Unfortunately, the use of PEI in combination with naked plasmid delivery in vivo has been reported not to improve the efficiency of transgene expression in skeletal muscle, and furthermore is associated with increased muscle damage. Our finding that Optison both reduced the amount of muscle damage and potentiated the effect of plasmid DNA gave us the idea that the microbubbles might also have similar effects on PEI/plasmid complexes.
We therefore first examined the efficiency and toxicity of PEI in plasmid DNA delivery in muscles. No improvement in transgene expression was obtained with PEI concentrations ranging from 1 to 100 mg/ml. Muscle damage caused by PEI was dose-dependent. No exacerbation of damage was seen at 1 mg/ml final concentration of PEI above that seen with DNA alone, but, PEI concentrations of more than 20 mg/ml caused severe muscle damage, with nearly the whole TA muscle replaced by necrotic and regenerating fibres 1 week after injection. At the intermediate concentration of 5 mg/ml, significant damage was seen, but the damaged tissue was replaced mainly by regenerating fibres with small foci of mononuclear infiltrate (Figure 4b) .
We therefore combined PEI at a concentration of 5 mg/ ml with Optison and/or ultrasound for plasmid delivery. Application of ultrasound in the absence of the microbubbles produced an average of six GFP-positive fibres compared to three positive fibres with PEI alone (P40.05) (Figures 4a, c and 5a ). When Optison was added into the PEI/DNA solution, significant increases in the number of GFP-positive fibres (an average of 56 fibres per TA muscle) were observed (Figures 4e and 5a ). Application of Optison followed by ultrasound decreased the number of GFP-expressing fibres, although the difference was not significant (Figures 4g and 5a) . Figures 4b, f and 5b) . Application of ultrasound Ultrasound significantly improves the efficiency of transgene expression in 6-month-old mice One factor influencing the efficiency of transgene expression in skeletal muscle is the age of mice, with young mice being more efficiently transduced than older ones. We therefore examined the effect of microbubbles and ultrasound on transgene expression on TA muscles of mice aged 6 months. The same plasmid DNA preparation and procedures were applied as to 4-weekold mice. Plasmid DNA alone produced even lower levels of transgene expression than in younger mice (Figures 6a and 7a) . The use of ultrasound improved the efficiency of the transduction, although it remained at very low levels (an average of seven fibres per TA muscle). The efficiency was greatly improved with Optison (Figures 6b and 7a) , but was less marked than that observed in young mice. In contrast to the younger mice, however, a further significant improvement was obtained when ultrasound was applied after plasmid DNA injections together with Optison (Figures 6c and 7a) .
The improved efficiency of transgene expression with the use of Optison and ultrasound was also associated with less muscle damage in the older mice. There was no significant change in muscle damage between DNA alone or DNA plus ultrasound. However, the area of muscle damage decreased significantly from 4.88 mm 
Discussion
Although the use of naked plasmid DNA is attractive as a safe clinically acceptable technique of gene therapy, much higher efficiency of site-specific delivery is needed for it to progress as a clinical tool. We show that the use of microbubbles and ultrasound, both of which have excellent safety profiles, comes closer to fulfilling these conditions than any other reported methods, from cationic polymers to electroporation. In this study, we found that a variety of microbubble and ultrasound strategies helped both to improve transfection efficiency and to limit the amount of damage produced by plasmid DNA injection. While we were preparing this paper, Taniyana et al. 23 reported the beneficial effect of microbubbles and ultrasound on gene transfer into skeletal muscle. Although we find similar improvements in transgene expression, our results reveal several important new findings. Firstly, while Taniyana et al examined 
MB improves gene transfer with reduced damage
QL Lu et al only the combined effect of microbubbles and ultrasound, we found that Optison alone significantly improved the efficiency of transgene expression in muscle in vivo. This increase in transgene expression was age-related, being less marked in old (6 months) mice than in young (4 weeks) mice. Secondly, ultrasound 
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together with Optison significantly increased transgene expression in older, but not in younger mice. Perhaps most strikingly, the use of Optison effectively reduced the muscle damage, both that associated with naked plasmid DNA alone and the more severe damage produced by combinations of DNA with the cationic polymer PEI. The mechanism(s) by which Optison alone improves transgene expression is not clear. Optison is a microbubble 2-4.5 mm in diameter filled with octa-perfluoropropane gas and stabilized by human-albumin shells. The major biological effect of microbubbles for gene delivery is probably through acoustic cavitation. 11, 14 The force created by acoustic cavitation can disrupt cell membranes and provide the direct access for plasmid DNA into muscle fibres. 24 The term 'acoustic cavitation' refers to a physical effect produced by ultrasound, which may be potentiated by administered microbubbles, strictly, therefore, it is not appropriate to describe the effect of Optison alone. However, forces similar to cavitation can also be created by bursting microbubbles in the absence of ultrasound. The power of the force partly depends on the levels of pressure surrounding the microbubbles. 25 Muscle tissue is tightly packed with fibres linked by dense connective tissue, and great resistance is often felt when the transfection solution is being injected, indicating the pressure within the muscles. Muscle contraction may also contribute to a greater pressure on the solution surrounding fibres. The pressure within the muscle tissue immediately after injection may thus cause a sudden eruption of microbubbles. This force created by bursting microbubbles in the muscles, although likely to be much smaller than that of cavitation under ultrasound, may well be enough to have significant impact on transfection efficiency. This is in accord with the fact that the application of ultrasound increases muscle damage, but not the efficiency of transgene expression. Other possible explanations for the improved transgene expression spring to mind. First, microbubbles may competitively reduce the binding of DNA to the ECM components and improve its access to fibres. Second, the protective effect of microbubbles against tissue damage may also preferentially protect the transduced fibres from degeneration (see below).
Gene transfer in skeletal muscles has been found to be generally more efficient in young mice than in old mice. One suggested reason for this is that muscles of young animals, possessing higher regenerative capability, may therefore provide more locally transfected myoblasts, called satellite cells, to integrate into regenerating fibres. 26, 27 This is unlikely to be a main reason for the higher efficiency in young mice observed in the present study, as we observed an inverse relationship between the amounts of regenerating muscle and the efficiency of transgene expression. Furthermore, reporter gene expression has not been found in satellite cells, either previously or in this study. 28, 29 Another explanation is that extracellular matrix is less obstructive in young mice than that in old mice, thus giving better dissemination of plasmid DNA in younger animals. A similar explanation has been proposed for the enhanced gene expression in regenerating fibres compared to mature fibres. 29, 30 It is therefore possible that bursting microbubbles in the absence of ultrasound could improve dissemination of plasmid DNA in younger animals, but less so in older animals in which extracellular matrix is more obstructive. Application of ultrasound is able to disrupt the barrier in older mice by bursting more bubbles and/or increasing the force of bubble eruption. This is consistent with the fact that further significant increases in transgene expression can be obtained in old, but not young, mice when ultrasound was used after plasmid and microbubble injection.
Perhaps the most interesting question raised in this study is how Optison significantly reduces the muscle damage. Muscle damage 1 week after injection seen in this study is likely initiated by the procedure of injection, including the sheer force of needle insertion, the pressure gradients exerted by the injection and the presence of plasmid DNA which can remain locally and elicit inflammation. Other factors, such as the use of positively charged polymer (PEI) have also been reported to exacerbate the degree of muscle damage. 31 Positively charged polymers can bind to ECM components with 
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QL Lu et al opposite surface charge, causing an inflammatory reaction leading eventually to the destruction of normal and transduced fibres. 32, 33 In this respect, Optison has the advantage, being able to bind to some ECM components particularly in damaged tissues [34] [35] [36] without eliciting inflammatory reactions. Such properties could well provide protection against the muscle damage. Binding of the microbubbles to the exposed fibre surface and ECM components may competitively reduce the binding and retention of DNA to these tissue components, and therefore reduce the muscle damage caused by inflammatory reaction to the presence of plasmid DNA. These mechanisms can also explain the protective effect of the microbubbles in the presence of cationic polymer PEI. The binding of positively charged PEI/plasmid DNA complexes to tissue components might be blocked by the microbubbles, preventing extensive tissue damage. Whatever the mechanism(s) involved, the protective effect of the microbubbles is a most exciting prospect for further exploitation in any gene delivery system where tissue damage is a concern.
Materials and methods

Animals
Two age groups of C57B10 mice were used: one set aged between 4 and 5 weeks (referred as 4-week old) and a second set aged between 5 months 3 weeks and 6 months 1 week (referred as 6-month old).
Microbubbles and ultrasound
The microbubble, Optison, was a gift from Amersham Health, Oslo, Norway. Optison contains about 5-8 Â 10 8 / ml of gas bodies between 2 and 4.5 mm in diameter which are filled with octa-perfluoropropane and stabilized by human-albumin shells. The gas bodies can serve as ultrasound cavitation nuclei when destabilized by the ultrasonic interaction.
Tone burst continuous-wave ultrasound of 1.0 MHz carrier frequency was delivered directly to the hind limb muscles of the mice. The pulse repetition frequency was 100 Hz and the duty cycle was 20%. The diameter of the probe was 35 mm and the spatial peak temporal peak power level was 3 W/cm 2 .
Plasmid DNA transfer by direct intramuscular injection
In a total volume of 30 ml 10 mg DNA of pEGFP expression vector (Clontech, CA, USA) was delivered into each tibialis anterior (TA) muscle using 0.5 ml insulin syringes with 29.5 G needles (Becton Dickinson, Dublin, Ireland) by a single injection. Plasmid DNA was dissolved in 0.9% saline with or without PEI 25000 (Sigma, UK) at the final concentrations ranging from 1 to 100 mg/ml. When microbubbles were used, the same amount of the plasmid DNA was dissolved in a total volume of 15 ml and equal volume of Optison was added immediately before the injection into TA muscles. The mice were anaesthetised and skin covering the area above the TA muscles was shaved for injections. For ultrasound application, a water tank containing water at room temperature and a platform placed just above the water surface were used. The mice were placed on the platform and the legs injected with plasmid DNA were immersed into the water. The ultrasound probe was placed under water and moved slowly around the area of TA muscle for sonication for 60 s.
Examination of GFP expression in muscles
Mice were killed 1 week after plasmid DNA injection. The TA muscles were removed and snap-frozen immediately in isopentane cooled by liquid nitrogen. MB improves gene transfer with reduced damage QL Lu et al Sections 10 mm thick were cut at intervals of 100 mm through whole TA muscles and mounted on glass slides for examination. GFP was viewed using Zeiss Axiophot Fluorescence Microscopy (Zeiss, Germany) and images were captured by Metamorph Imaging System (Universal Imaging Corporation, West Chester, USA). The number of GFP-positive fibres, are always correlated with the length of the positive fibres and therefore the maximum number of GFP-positive fibres counted in one section was recorded for comparison.
Measurement of GFP expression by fluorescence spectrophotometer
A total of 40 muscle sections of 10 mm thickness from the areas containing the maximum number of GFP-positive fibres were collected into centrifuge tubes containing 0.1% SDS in 1 ml distilled water. Tissue suspensions were pipetted up and down for more than 10 times to facilitate the release of cytoplasmic GFP into solution. GFP intensity was measured using Hitachi F-2000 Fluorescence Spectrophotometer (Nissei Sangyo Co Ltd, Berks, UK) with an excitation wavelength of 488 nm and emission wavelength of 507 nm.
Muscle damage assessment
One set of sections adjacent to those for GFP examination from each sample was fixed with neutral buffered formalin, stained with haematoxylin and eosin, and examined using the Zeiss Axiophot Microscopy. The presence of centrally nucleated muscle fibres and foci of mononuclear infiltrate were used as signs of muscle damage. Muscle damage along the track of needle injection was traced microscopically and the levels of damage were recorded by measuring the length and width of the damaged area in serial sections; the maximum size in mm 2 was noted. Serial sections 7 mm in thickness were cut and fixed with 4% paraformaldehyde for 10 min and then stained with biotinylated rat anti-mouse CD4, biotinylated rat anti-mouse CD8 antibodies (Pharmingen, San Diego, CA, USA), and rat anti-mouse macrophages/monocytes antibody (ImmunoKontact, Oxon, UK) which recognizes a specific cytoplasmic antigen in the cells. The biotinylated primary antibodies were detected by streptavidin-conjugated Alexa 594 (Molecular Probes, Cambridge, UK) and the unlabelled primary antibody by biotinylated goat anti-rat Igs followed by streptavidin-conjugated Alexa 594.
Statistical analysis
Statistical analysis was carried out with Instat 2.01 software. All values are expressed as mean and the bars as standard deviation (n¼4 or 5 samples). 
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